In the present study, the molecular cloning and characterization of a 49-kDa form of casein kinase (CK)I from Dictyostelium discoideum is reported. The predicted amino acid sequence shares 70 % identity with the catalytic domain of the mammalian δ and ε isoforms, Drosophila CKIε and Schizosaccharomyces pombe Hhp1, and 63 % identity with Hrr25, a 57-kDa form of yeast CK involved in DNA repair. D. discoideum CKI (DdCKI) was expressed in vegetative asynchronous cells as well as in differentiated cells, as detected by Northern-blot analysis. The level of DdCKI expression did not change during the cell cycle. Antibodies raised against a truncated version of the protein recognized a 49-kDa protein from D. discoideum extracts. Protein expression
INTRODUCTION
Casein kinase (CK)I was among the first protein kinases to be described. It is an ubiquitous monomeric enzyme ranging in size from 25 to 55 kDa and is present in the plasma membrane, nuclei, cytoplasm and cytoskeleton of eukaryotic cells [1] . Once considered to represent a single entity, it is now known to comprise a family, which represents a distinct branch of the eukaryotic protein kinase. CKI homologues have been identified in organisms ranging from yeasts to humans [2] . All members of the CKI family contain a catalytic domain in the N-terminal portion of the protein. This domain structurally resembles that of other protein kinases. The main differences are observed in subdomain VIII, in which the common peptide triplet Ala-ProGlu is replaced by Ser-Ile\Val-Asn, and in subdomain XI, in which a normally invariant arginine residue is absent.
The substrate specificity is determined by acidic or phosphoryl groups located three to four residues upstream of the target residue. Some CKI isoforms can be classified as dual-specificity protein kinases, because they can phosphorylate tyrosine as well as serine or threonine residues [3, 4] . Several CKI substrates have been identified, such as glycogen synthase, RNA polymerases I and II, p53, spectrin and NF-AT4, among others [2] . However, only in a few instances has phosphorylation by CKI been shown to correlate with changes in substrate function, such as in the case of the SV40 T antigen [5] or the NF-AT4 transcription factor [6] .
CKI has been implicated in several aspects of cell regulation. In mammals it has been found associated with the adaptor protein Nck [7] , and it can phosphorylate the 14-3-3 protein [8] ,
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paralleled the pattern found for the RNA. The expression of DdCKI in Escherichia coli resulted in an active enzyme that autophosphorylated and phosphorylated casein. Immunofluorescence assays showed that DdCKI was localized in the cytoplasm and nuclei of Dictyostelium cells. The lack of disruptants of the CKI gene suggests that this protein is essential for the vegetative growth of D. discoideum. Overexpression of DdCKI resulted in cells with increased resistance to hydroxyurea, suggesting a potential role for this kinase in DNA repair.
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suggesting a role in signal transduction. It has been shown recently, in Xenopus and Caenorhabditis elegans, that CKI is a component of the Wnt signaling pathway, which controls a variety of processes including cell growth and development [9] . A CKI gene (Dbt) has been cloned in Drosophila [10] . The DBT protein is essential for viability, and is involved in mantaining circadian rhythms. CKI homologues in budding and fission yeast may regulate aspects of cellular DNA metabolism and are involved in DNA repair [11, 12] . Saccharomyces cere isiae Hrr25 is involved in double-strand break repair, in sporulation and in the cell cycle, and it has also been shown recently to be involved in vesicle budding from the endoplasmic reticulum [13] . A pair of related CKI homologues, Hhp1 and Hhp2, play similar roles in DNA repair in Schizosaccharomyces pombe.
The Sa. cere isiae YCK1 and YCK2 genes supply an activity essential for vegetative growth, and confer halotolerance when overexpressed [14] , and YCK2 also plays a role in cytokinesis [15] . Overexpression of Cki2 in Sch. pombe leads to a severe growth defect and aberrant morphology [16] . Ultraviolet irradiation of early Drosophila embryos relocalizes CKI to the interphase nucleus, suggesting a possible requirement for this enzyme in mechanisms associated with DNA repair [17] .
Dictyostelium discoideum is a simple eukaryote that shows, in the course of its life cycle, a period of cell differentiation and morphogenesis, which makes it an attractive system for addressing a wide variety of biological problems.
In this organism, development is triggered by the removal of the food source from vegetatively growing amoebae. Cells thereupon aggregate to form a multicellular mound, by means of chemotaxis to pulsatile cAMP signals acting through cell-surface receptors [18] . cAMP is also involved in the expression of genes essential for aggregation, entry into the morphogenetic stage, pre-spore cell differentiation and culmination [19] . Cellular differentiation ultimately gives rise to the spore and stalk cells of the fruiting body. All the internal cAMP responses are mediated by cAMP-dependent protein kinase [20] .
In D. discoideum, the unique CKII gene has been shown to be essential for vegetative growth [21] . This CKII, unlike its higher eukaryotic counterparts, lacks the β subunit [21, 22] . Several CKI activities have been characterized on the basis of their biochemical and chromatographic properties [23] .
In the present report we describe the isolation and characterization of a CKI gene from D. discoideum (DdCKI), the analysis of its expression in the life cycle of the organism, its intracellular localization and its genetic analysis.
MATERIALS AND METHODS

Growth and development of D. discoideum
AX-2 cells were cultured in exponentially modified HL-5 medium (peptone was substituted for tryptone) [24] , and differentiated on nitrocellulose filters in Mes\PDF buffer (20 mM KCl, 1.2 mM MgSO % , 7.5 mM Mes, pH 6.5). For the developmental time-course assays, cells were plated on to sterile 4.5-cm diam. plates (0.5i10)-1i10) cells\plate). At different time points, the cells were rapidly scraped from the plate and frozen in liquid N # until further use. Synchronization experiments were performed as described previously [25] .
Plating assay for sensitivity to DNA-damaging agents
For viability assays, 2i10' cells\ml were cultured for 20 h in modified HL-5 medium with 100 or 200 mM hydroxyurea (Sigma) or 100 µM cisplatin (cis-diamine-dichloroplatinum II) (Sigma). Control cells were kept for a similar time without the addition of drugs. In all treatments, a volume, equivalent to 350 cells of untreated control cells, was plated on to SM plates with a lawn of Klebsiella aerogenes to determine viability. The surviving colonies were monitored after three or four days. The percentage of viability was calculated as the number of colonies obtained following the various treatments compared with the number of control cells.
D. discoideum extracts and S-Sepharose chromatography
For Western-blot experiments, Dictyostelium cells were lysed by sonication (vegetative or early differentiated cells) or with glass beads (late differentiated cells) in a buffer containing 50 mM Tris\HCl (pH 7.5), 300 mM NaCl, 5 mM EDTA, 40 mM sodium pyrophosphate, 30 % (w\v) sucrose, 0.5 mg\ml leupeptin, 50 µg\ ml aprotinin, 0.1 mM tosyl-lysylchloromethane (' TLCK ') and 0.1 mM Na $ VO % . Cytosolic extracts, prepared in the same buffer without NaCl, were applied to an S-Sepharose (5 ml) column equilibrated in 50 mM Tris\HCl (pH 7.5), 2 mM EDTA, 5 mM 2-mercaptoethanol, 10 mM sodium pyrophosphate, 20 % (v\v) glycerol and 10 mM NaF. After washing with 10 volumes of equilibration buffer, the bound proteins were eluted with a linear gradient of 0-1 M NaCl, and 10 µl aliquots from each fraction were assayed for casein kinase activity using casein as substrate. Nuclei were prepared as described previously [26] .
Southern-and Northern-blot hybridization analysis
Southern-and Northern-blot hybridization were done using standard protocols [27] . Hybridization was performed at high stringency in buffer containing 50 % (v\v) formamide at 42 mC, or at 37 mC for low stringency conditions. DNA was obtained from vegetative cells as described in [28] , and 1 µg was digested with various restriction enzymes, resolved on a 0.7 % (w\v) agarose gel and transferred to a nylon membrane for hybridization.
For Northern-blot analysis, total RNA from vegetative and differentiated cells was isolated by the method of Chomczynski et al. [29] . Poly(A) + mRNA was obtained as in [30] . For reverse transcription-PCR, total RNA was prepared using Trizol (Gibco BRL), following the manufacturer's conditions.
Molecular cloning of DdCKI
PCR primers were designed using the yeast Yck2 sequence as a guide. A forward primer (5h CAACATATTCCGTACAGGG-GA) and a reverse primer (5h ATCGTCTCTTCTGGATTGT-TC) were used to amplify a 99-bp fragment from yeast genomic DNA. This PCR product was sequenced and used as a probe to screen a Dictyostelium cDNA library from 4-h differentiated cells cloned in λgt11 (Clontech). Recombinant phages (160 000) were screened, in duplicate, with the yeast probe labelled with random primers and [α-$#P]dATP (5000 Ci\mmol), Amersham). Hybridization was done under low stringency conditions, and positive clones were plaque purified. One of the positive clones (clone 1) was isolated and subcloned in pUC19. This clone contained a 1200-bp insert with a single open reading frame and a missing 5h initiation codon. The 5h initiation site was found by rescreening the cDNA library under stringent conditions using clone 1 cDNA as a probe (clone 2).
To obtain the complete gene (pBS-CKI), the EcoRI\PstI fragment of clone 1 was replaced with the same fragment of clone 2 (the PstI site in the clone 1 polylinker was previously eliminated by cutting, filling and ligation).
Recombinant DdCKI constructs
Three different constructs were obtained. First, in the pRSETc (Invitrogen) vector to express recombinant CKI in bacteria. For this construct, a P uII site was engineered to clone the complete CKI coding region in-frame with the His ' tag present in the vector. Secondly, a fusion with the maltose binding protein, to obtain antibodies against CKI. This construct was made with an EcoRI\HindIII fragment of the CKI gene. Thirdly, a construct to express the CKI gene constitutively under the Act-15 D. discoideum promoter. We used the pDXA-HC vector [31] that gives protein tagged with the c-myc epitope in the C-terminus. The CKI gene was amplified with primers (sense, 5h ACGT-GGTACCGATTTAAGAATTGGTGG, and antisense, 5h AAC-ACAACAAGGCCACCAGCAAAGACTCGAGATCGG) in order to create KpnI and XhoI sites repectively (underlined) to clone into the corresponding sites of the pDXA-HC vector. Finally, for gene replacement, the 1.4-kb blasticidin (Bsr)S cassette, obtained by digestion of pBsrS 2 [32] with SmaI and HindIII, was shunted and inserted into the NcoI site of the CKI gene. The 2.7 kb fragment of DdCKI harbouring the BsrS cassette was excised with EcoRI and used to transform D. discoideum cells.
D. discoideum transformation
Transformation was performed by electroporation, using 20-30 µg of the final constructs. Transformants were selected at 5 µg\ml G418 or 5 µg\ml BsrS, according to the construct used. Colonies became visible after about 15 days. The resistant clones were plated on to a lawn of K. aerogenes grown on SM nutrient agar plates. The plates were incubated at 23 mC, and individual colonies were removed, grown in a HL5 medium with 10 µg\ml G418 or 10 µg\ml BsrS and analysed.
Purification of His 6 -tagged CKI
Wild-type Dictyostelium cells or cells expressing His
' -CK1 were cultured in modified HL5 medium and harvested at 4i10' cells\ml. After washing once with cold PBS, the cells were resuspended in lysis buffer A [20 mM Hepes (pH 7.5), 10 mM 2-glycerophosphate, 5 mM 2-mercaptoethanol, 1 mM Na $ VO % , 20 mM imidazole, 0.1 % (v\v) Triton X-100] with 40 µg\ml aprotinin, 50 µg\ml leupeptin and 1 mM tosyl-lysylchloromethane. The cell extracts were centrifuged at 100 000 g for 30 min at 4 mC. Equal amount of protein from the supernatants were loaded on to Ni# + -agarose columns (2 ml) equilibrated with lysis buffer. After washing with 10 column volumes of the same buffer, the bound protein was eluted step-wise with 150 mM and 300 mM imidazole in the same buffer without Triton. The eluted fractions were used for Western-blotting and CK assays in itro.
Purification of CKI expressed in bacteria
Escherichia coli strain BL21(DE3) was transformed with the pRSETc construct. A single colony was removed and grown at 30 mC to a D '!! of 0.8. Isopropyl-β--thiogalactoside (IPTG) was added to 0.4 mM, and the cells were incubated for 1 h at 37 mC. The induced cells were harvested, washed and resuspended in 5 vol. of lysis buffer B [20 mM Tris\HCl (pH 7.9), 0.5 M NaCl, 10 % (v\v) glycerol, 5 mM imidazole) containing 1 mM PMSF and 25 µg\ml each of leupeptin, pepstatin and aprotinin. The cell suspension was sonicated and the resulting lysate was cleared by centrifugation at 15 000 g for 20 min. The supernatant was loaded on to a 1 ml Ni# + -agarose column pre-equilibrated in lysis buffer B containing 0.05 % (v\v) Nonidet P-40. The column was washed with 15 vol of the same buffer, and the proteins were eluted with sequential 5 ml volumes of lysis buffer B containing 0.02 % (v\v) Nonidet P-40 and 50, 100, 200 or 500 mM imidazole. The fractions collected were analysed for protein by Western-blotting and protein kinase activity.
Production of antibodies against CKI
E. coli strain TG1 was transformed with pMal-NCKI. Cells containing the pMal-NCK1 plasmid were grown at 37 mC to a D '!! of 0.4-0.6. IPTG was added to 0.3 mM and the cells were incubated for 3 h. The induced cells were harvested, washed and resuspended in 5 vol of 10 mM Tris\HCl, pH 8, 200 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, with 10 mM NaF and 25 µg\ml each of leupeptin and aprotinin. The cell suspension was sonicated and the resulting lysate was cleared by centrifugation at 15 000 g for 20 min. The recombinant protein was purified from the E. coli extracts by chromatography on an amylose column using standard protocols. To generate antibodies against DdCKI, rabbits were immunized with the purified maltose-binding-protein fusion protein, which had been excised and extracted from an SDS\polyacrylamide gel.
CK assays
Two different assays were used to measure CKI activity. In some assays p-81 paper was used to measure the $#P-label incorporated into casein [23] , and in others the radioactivity incorporated into casein was monitored by SDS\PAGE and autoradiography of the gels. The assay was performed in a final volume of 30 µl containing 50 mM Tris\HCl (pH 7.4), 10 mM MgCl
ATP (800-1000 c.p.m.\pmol), 10 mg\ ml casein and 10-30 µg of the protein fraction to be assayed.
Immunofluorescence analysis
For staining intact cells, the following procedure was used. Cells (10&) growing in modified HL-5 medium were spotted on to coverslips, which had been pre-treated with gelatin, and were centrifuged at 2000 g for 10 min in a Cyto-spin centrifuge. The harvested cells were washed once in PBS and fixed in 3.7 % (v\v) paraformaldehyde in PBS for 15 min, followed by incubation in 5 mM NH % Cl in PBS for 5 min. After washing with PBS and permeabilization with 0.2 % (v\v) Triton for 8 min, the cells were washed once in PBS and blocked with 5 % (v\v) fetal-calf serum in PBS for 30 min. The coverslips were then incubated with affinity-purified CKI antibody in PBS for 1 h at room temperature. A pre-immune serum was used as a control. The coverslips were washed five times (10 min each) with PBS and then incubated for 1 h at room temperature with a fresh 1 : 200 dilution of Rhodamine-labelled goat anti-rabbit IgG (Dianova). Coverslips were washed as above and mounted in Mowiol. Some samples were stained with 0.1 µg\ml 4,6-diamidino-2-phenylindole (' DAPI ') in PBS for 2-5 min.
Immunoblotting
Purified fusion proteins or 10-50 µg of protein from bacterial or Dictyostelium extracts were subjected to SDS\PAGE (10-12 % gels) and transferred to Immobilon filters (Millipore) in 12.5 mM Tris\HCl (pH 8.5), 86 mM glycine and 15 % methanol. Membranes were blocked in Tris-buffered saline containing 0.05 % (v\v) Tween-20 and 5 % (w\v) non-fat dried milk or, for the His ' tagged proteins, 3 % (w\v) BSA. Primary and secondary antibodies were diluted in the same buffer. Bound antibodies were detected by enhanced chemiluminescence according to the manufacturer's instructions (Amersham).
RESULTS
Characterization of a D. discoideum CK
The screening of a D. discoideum cDNA library with a 99-bp PCR product obtained from yeast yielded one positive clone. The cDNA insert of this clone (clone 1) was sequenced completely. Clone 1 represented a cDNA that encodes a sequence with high similarity to higher eukaryotes and yeast CKI, and did not contain the initiation site. The cDNA of clone 1 was used as probe to rescreen the cDNA library. Several additional clones were isolated, and three of them were analysed (clones 2, 3 and 4). The lengths of the clones were 1122, 1152 and 1140 nt respectively.
Clone 2 was truncated at the 3h end and contained the initiation site, 84 nt of 5h-untranslated sequence and 1012 nt overlapping the sequence of clone 1. Clone 3 was also 3h truncated and contained the initiation site, 26 nt of untranslated sequence and 1104 nt overlapping the sequence of clone 1 and clone 4 which was 5h truncated. The complete coding sequence (pBS-CKI) was obtained as described in the Materials and methods section.
The putative ATG initiation codon lies within a translation initiation consensus sequence defined by Kozak [33] , and it is immediately preceded by a stop codon in the same reading frame. Moreover, the predicted start site is consistent with that of other CKI isoforms. The stop codon present in the cDNA of clones 1 and 4 includes the first nucleotide of the EcoRI cloning The DdCKI contained the 12 conserved subdomains of protein kinases described by Hanks et al. [34] . The N-terminal 300 amino acids of DdCKI show more than 50 % identity with other CKI family members (Figure 1 ). The greatest similarity, when the catalytic domains are compared, has been found in Drosophila CKI ε (70 %), human CKI ε and δ (71 %) and yeast Hhp1 (65 %).
The hydrophilic segment, located downstream of the catalytic domain, was difficult to align and corresponded to a poorly conserved region among the different family members. The DdCKI C-terminal region was extremely rich in glutamine, as is the case of yeast Yck1 and Yck2 and Hhp1. However, stretches of glutamine and asparagine are very frequent in D. discoideum proteins [35] .
Analysis of the DdCKI gene
Southern-blot analysis, performed using the cDNA of clone 1 as probe under stringent conditions, gave single bands, suggesting that a single gene encodes DdCKI. Only when the hybridization was performed at low stringency conditions were several bands observed, which may correspond to other related genes in Dictyostelium (results not shown). A physical map of the gene has been constructed using genomic DNA and a combination of restriction enzymes (Figure 2A ). The enzymes selected did not excise or excised only once within the cDNA sequence. As can be seen in Figure 2(B) , the results obtained from the Southern-blot analysis indicate the presence of an EcoRI site at the end of the coding region.
Analysis of DdCKI mRNA expression
DdCKI expression was analysed with total or poly(A) + RNA from the different developmental stages of D. discoideum, using the cDNA of clone 1 as a probe. As shown in Figure 2 (B), there was a major message at 2.2 kb. The expression level of the mRNA did not change during the developmental programme ( Figure 2C ).
To determine if the DdCKI mRNA levels were regulated in the different phases of the cell cycle, synchronized cells were used. As shown in Figure 2 (D), there were no significant changes in DdCKI mRNA expression during the cell cycle.
Antibody to DdCKI recognizes a 49-kDa D. discoideum protein
In Western-blot assays the polyclonal antibody raised against the N-terminal fragment of DdCKI recognized the recombinant protein induced and purified from bacteria as a maltosebinding-protein fusion ( Figure 3A ). This antibody also recognized a 49-kDa protein band in Dictyostelium extracts present in vegetative cells as well as in late differentiated cells ( Figure 3B) . Moreover, when Dictyostelium protein extracts were separated on S-Sepharose, the CK activity eluting at 0.25 M NaCl comigrated with the 49-kDa band ( Figure 3C ).
Figure 4 Expression and activity assay of DdCKI
Changes in protein levels during differentiation were not detected ( Figure 3D ). The protein level profile obtained for synchronized cells showed a slight decrease in the amount of protein after duplication of the cell numbers ( Figure 3E ).
Expression of DdCKI in E. coli
It appears that the CKI enzymes may interfere with bacterial cellular functions, as it was difficult to achieve high levels of DdCKI expression. Two different induction temperatures, 25 mC and 37 mC, were used and no differences in expression were found with either. Short inductions were performed, because the protein was proteolysed at longer induction times, giving rise to several defined proteolytic products ( Figure 4A) .
The high degree of similarity between DdCKI and other CKI isoforms strongly suggested that DdCKI encoded a CKI. To confirm this, a recombinant protein with a His ' tag was obtained, as described in the Materials and methods section. After IPTG induction, affinity-purified extracts of cells carrying the DdCKI construct contained a 60-kDa protein that reacted with the His ' -tag antibody and with the anti-DdCKI antibody ( Figure 4B ).
When the purified recombinant DdCKI protein was incubated in the presence of [γ-$#P]ATP, the protein band identified by the CKI antibody appeared to be phosphorylated ( Figure 4B ). We then tested several CKI substrates ( Figure 4C) , and it was found that DdCKI phosphorylated casein but not myelin basic protein or histone, as was expected. Phosphorylation of the tyrosinecontaining polymer poly-E % Y " was not detected. The effect of heparin and polylysine, with casein as substrate, was tested in different experimental conditions. The effect of these two polycations varied depending on the NaCl concentration in the assay ; when the NaCl concentration was high (0.1 M), heparin and polylysine behaved as slight activators, but when low (10 mM) NaCl concentrations were used, heparin inhibited CKI activity and polylysine modified the specificity of CKI for phosphorylation of different casein subunits.
Localization of DdCKI by immunofluorescence
Affinity-purified CKI antibodies were used to study the intracellular distribution of DdCKI in vegetative D. discoideum cells. The labelling specificity was confirmed in experiments where immunofluorescent staining was performed with a preimmune serum. Cells treated with secondary antibodies alone showed no staining (results not shown). As shown in Figure 5 both cytoplasm and nucleus were stained by the antibodies, indicating that DdCKI is localized in both cellular compartments.
Genetic analysis of DdCKI function
The gene-expression data suggest that the CKI protein might be involved in different processes throughout the life cycle of Dictyostelium. We have attempted to determine the function of the gene in Dictyostelium by either disrupting or overexpressing the CKI gene.
To create a null strain for CKI, Dictyostelium cells were transfected with a gene replacement vector containing a BsrS cassette, as described in the Materials and methods section. Several attempts to obtain blasticidine-resistant clones with the CKI gene disrupted were unsuccessful.
In two independent experiments, seven blasticidine-resistant clones were obtained, and no homologous recombination was found when analysed by Southern blotting and PCR. Southernblot analysis of one blasticidine-resistant clone ( Figure 6A ), showed that all the bands corresponding to the CKI wild-type gene were present (marked with crosses), indicating that the blasticidine-cassette containing construct had been inserted at different places of the genome. As can be seen in Figure 6 (B), the clones obtained expressed the blasticidine-resistance gene, as well as the endogenous CKI gene.
A different strategy was adopted to study CKI gene function. The complete coding region of CKI downstream of the actin promoter was cloned, using the pDXA-HC vector. A similar construct was also used with the mutation Lys$) Arg (K38R).
Figure 5 Immunolocalization of DdCKI in untransformed (AX-2) cells
Asynchronous cells were prepared as described in the Materials and methods section. Lysine-38 is required for activity in other members of the CKI family, and has been shown to act as a dominant-negative form of the protein.
Cells resistant to G418 were selected, as described in the Materials and methods section. In order to check that the transfected constructs were expressed in the G418-resistant cells, total RNA was prepared and reverse transcription-PCR was performed. For the PCR, a sense oligonucleotide designed according to the CKI sequence, and an antisense oligonucleotide designed according to the vector sequence was used. Several clones expressed the construct containing the wild-type sequence, but none was obtained containing the K38R mutation after two independent transfection experiments (results not shown). The clones containing the wild-type cDNA of CKI were verified by Northern-blot analysis using cDNA of CKI as a probe ( Figure  7A) .
In order to analyse if a functional protein was being produced, cytoplasmic extracts were made from vegetative growing untransformed cells and cells containing clone 4 expressing the His ' -CKI-Myc tagged protein. Extracts containing an equal amount of protein were separated on Ni# + -agarose, as described in the Materials and methods section. The presence of the recombinant protein was assayed using a human Myc antibody. As can be seen in Figure 7 (B), a protein band of the expected mobility was clearly detected in the eluates from the CKI-expressing strain but not from the wild-type cells. The ability of the expressed protein to phosphorylate casein was assayed by incubating an aliquot of these fractions with casein and [γ-$#P]ATP ; the products were separated by SDS\PAGE and detected by autoradigraphy (Figure 7B) . The 150 mM imidazole fractions showed casein phosphorylating activity which was higher in eluates from the His ' -CKI-expressing cells than in the control. This result indicates that the CKI expressed in the transformed cells is a functional protein. Nuclei were prepared from untransformed cells and two different transformants and, as can be seen in Figure 7 (C), the overexpressed protein was also found in the nuclear fraction of the cell.
When the phenotype of the cells overexpressing DdCKI was examined, no growth or developmental phenotype was observed, nor was any difference found in the migration of the slugs towards a luminous source.
The response to DNA-damaging agents, such as cisplatin and hydroxyurea, was also examined under conditions known to decrease the viability of Dictyostelium cells [36, 37] . The transfected cells showed more resistance than untransfected control cells to treatment with hydroxyurea ( Figure 7D) ; no difference was found after the cisplatin treatment.
DISCUSSION
Using a PCR strategy, we have cloned the first DdCKI. Several cDNA clones were isolated and analysed from a cDNA library. Sequence analysis of this cDNA indicated that it encodes a single reading frame comprising 426 amino acids. Two of the clones analysed have a stop codon in the EcoRI cloning site. We believe that this EcoRI site is a constituent of the gene for two reasons. First, Southern-blot analysis indicates that the EcoRI site located in the 3h-coding region is a true site and not a cloning artifact. Secondly, the size of the protein detected by the antibody matches the predicted molecular mass of the coded protein.
The cDNA described in the present work belongs to the CKI protein family. The members of this family share several wellconserved motifs, such as LLGPSLEDLF (residues 86-95), HIPXR (residues 166-170), EXSRRDD (residues 191-197) and LPWQGLKA (residues 213-220). Furthermore, this cDNA lacks the APE sequence in subdomain VIII, which is replaced by SLN (residues181-183). All these features are specific for CKI, and are probably important for protein-protein interactions.
On the basis of sequence identity, DdCKI is very close to the mammalian δ and ε isoforms and to the yeast Hhp1, Hhp2 and Hrr25, which are assumed to be located in the nucleus. This nuclear localization is postulated because of the sequence identity and because these isoforms contain a putative TKK\RQKY nuclear localization signal similar to the sequence thought to be involved in targeting other proteins, such as histone 2B, to the nucleus [38] .
The C-terminal portion of DdCKI is rich in glutamine and proline residues. In D. discoideum a repetitive element, composed of the codon AAC, is found in developmentally regulated transcripts ; these AAC sequences can be translated in all three reading frames in the proteins, giving rise to asparagine (ACC), threonine (ACA) or glutamine (CAA) [35] . Other proteins rich in glutamine and proline residues are a number of CKIs, such as Hrr25, Hhp1, Yck1 and Yck2, and transcription factors such as Sp1, PU1 or TAFII [39, 40] . The function of these regions has been analysed in greater detail in transcription factors, where they have been shown to be involved in transcription transactivation through interaction with regulatory proteins [39] .
Our Southern-blot hybridization data suggest that CKI-related isoforms might be present in Dictyostelium. This is in agreement with our previous biochemical studies, based mainly on the chromatographic behaviour, which revealed the presence of several CKI isoforms in this organism [23] .
CKI is expressed throughout the whole life cycle of Dictyostelium
The results of the Northern-blot analysis performed with RNA from differentiated cells show a major 2.2-kb transcript. Two species have been detected in the rabbit, one of 3.5 kb, which is detected in most tissues, and one of 1.9 kb with a high level of expression in testis and heart [41] . Several such messages are also found in human cells [42] . No changes were detected either throughout differentiation or during the cell cycle of Dictyostelium, suggesting that CKI may have a role in the development of the slime mould. In parallel with the expression of DdCKI, Western-blot analysis showed that the protein was present throughout the differentiation programme of Dictyostelium. The rat and rabbit CKIδ, which are the CKs most similar to DdCKI, have a widespread distribution and have been detected in all tissues examined [41] .
Antibodies generated against the N-terminal region of DdCKI recognized a 49-kDa protein, which was close to the predicted molecular mass based on the cDNA. A protein with the same molecular mass was detected when Dictyostelium cell extracts were prepared in the presence of high leupeptin concentrations or when cells were directly resuspended in sample buffer for Western-blot analysis, which suggests that this 49-kDa protein was not a proteolytic product. A wide range of molecular masses, ranging from 30 to 60 kDa, has been described for CKI isoforms. High-molecular-mass forms have been isolated from nuclei. However, the protein mass is not indicative of localization within the cell, as the largest CKI isoforms, yeast Yck1 and Yck2 [14] and Cki1 and Cki2 [16] , are cytoplasmic membrane-associated proteins, while the human 34-kDa CKIα has been found associated to kinetochore fibres in mitosis [43] .
DdCKI expressed in bacteria has CK activity
DdCKI has been expressed in bacteria, and the recombinant protein was very sensitive to proteolysis. The purified recom- binant DdCKI autophosphorylated and phosphorylated casein, as expected, and did not phosphorylate basic proteins, such as myelin basic protein or histone H1. We have not detected phosphorylation of poly-E % Y " under our assay conditions, in contrary to the recombinants Hhp1 and Hhp2 expressed in bacteria [3] .
Studies on the effect of heparin on the activity of CKI from different sources have yielded inconsistent results. Inhibition was observed in some cases [44] , whereas in others either no effect or activation was reported [45] . This also applies to the effect of polylysine on CKI activity ; polylysine stimulates recombinant CKIα when assayed with D4 peptide, but no effect was detected when phosvitin was used as substrate [46] .
When the effect of heparin on CKI activity was tested using casein as the substrate, we observed inhibition or activation depending on the salt concentration in the assay ; a differential effect of polylysine at different salt concentrations was also observed. The experiments of Graves and Roach [47] , using a truncated version of CKIδ, led them to postulate that the Cterminus of CKIδ was critical for the action of heparin, because the full-length enzyme was activated by heparin, whereas the mutant lacking the C-terminus was insensitive. Based on this observation, we suggest that the salt concentration probably affects the structure of the C-terminal portion of the enzyme, although a change in substrate structure cannot be ruled out.
Immunolocalization of DdCKI
During its vegetative phase, the cellular slime mould D. discoideum grows as unicellular, haploid eukaryotic amoebae. Our immunofluorescence experiments indicate that the endogenous CKI is distributed in the cytoplasm and the nuclei of the vegetative cells. The overexpressed CKI is also detected in both the cytoplasmic and nuclear fractions, suggesting that this CKI might be playing a nuclear role, as has been proposed for some CKIs of other organisms [10, 17, 48, 49] .
Genetic analysis of DdCKI
Our genetic analysis suggests that DdCKI may be an essential gene for growth. We were unable to disrupt the gene by homologous recombination, and also to express the CKI K38R mutant using the same vector that allowed the expression of the wild-type protein. This suggests that CKI K38R might indeed be acting as a dominant negative, and lends support to the proposition that CKI might be essential for Dictyostelium. DdCKI could be required to support the vegetative growth of the cells, in the same way that Hrr25 protein kinase is important for normal growth in yeast [11] .
The observation that the cells from the overexpressing clone were more resistant to hydroxyurea treatment than the wild-type ones is consistent with a potential role of this protein in DNA repair mechanisms, as is the case in Sch. pombe [12] and Sa. cere isiae [11] .
One possible role for CKI would be in the Wnt signalling pathway, since CKIε (72 % homology with DdCKI in the catalytic domain) has been shown recently to be a conserved component of this pathway [9] , and is involved in a variety of processes, including cell growth and development. Glycogen synthase kinase 3, a component of this pathway in metazoa, also regulates cell fate during Dictyostelium development.
We are at present preparing constructs of dominant negative and constitutively active versions of DdCKI under the promoters specific for stalk and spore genes, with the aim of obtaining further information on the potential role of this kinase in cell differentiation.
